Male and female codling moths, Cydia pomonella (Lepidoptera: Tortricidae), were shown to be attracted to a threechemical kairomonal lure consisting of pear ester, acetic acid, and n-butyl sulfide. A controlled-release device based on sachets was developed in the laboratory and field tested to optimize the attractiveness of C. pomonella to this combination of attractants, and to decrease material costs associated with the controlled-release of these chemicals. The lure was most effective when pear ester was released from a separate dispenser than when combined acetic acid and n-butyl sulfide. We found that acetic acid and n-butyl sulfide can be combined into one device without decreasing C. pomonella trap catches and that there is minimal pear release rate before trap catch is negatively affected. A sachet-based controlled-release system of pear ester, acetic acid, n-butyl sulfide is a cost-effective alternative to a vial and septa controlled-release system and allows for easier quantification of ideal release rates. A reduction in material costs associated with management are important in promoting the adoption of attract-andkill and mass-trapping paradigms for C. pomonella management. These findings also have important consequences in interpreting studies that use different loads of pear ester, and emphasize the need to better understand the release rates of attractants.
widely considered the major pest of apple crops across the world Brunner 1992, Witzgall et al. 2008) . Codling moths (CM) are primarily managed by mating disruption via a synthetic sex pheromone (E,E)-8,10-dodecadien-1-ol (E8, E10-12OH; codlemone) (Roelofs et al. 1971 , Witzgall et al. 2008 , and/or insecticides (Grigg-McGuffin et al. 2015) . However, both of these methods have deficiencies; mating disruption requires a higher level of technical competency and is ineffective in small orchards (<10 ac) and in high CM density areas, and insecticides have negative social and ecological consequences (Pimental et al. 1992 , Cardé and Minks 1995 , Welter et al. 2005 , Roush and Tabashnik 2012 , Breth 2013 . As a result, there is a need for additional strategies to augment these traditional methods (El-Sayed et al. 2006) .
The identification of attractive kairomonal lures raises the possibility of including biorationale techniques to help manage CM (Ebbinghaus et al. 2001 , Ioriatti and Angeli 2002 , El-Sayed et al. 2009 , Knight et al. 2011 , Landolt et al. 2014 . Kairomonal lures based on host or feeding volatiles attract both sexes of moths (Light et al. 2001) . The addition of these lures to pheromonal monitoring traps has already been shown to improve management programs when compared with using sex-pheromone lures alone, which only attract males (Light et al. 2001 , Landolt et al. 2007 , Hári et al. 2011 , Knight et al. 2011 . While the inclusion of female moths is critical to accurately assessing population dynamics, in an attract-and-kill scenario, the removal of a substantial number of female moths would lead to a reduction in the number of eggs laid, and subsequently, the damage to fruit (Knight and Light 2005, Pedigo and Rice 2009) . As a result, CM studies that utilize attract-and-kill approaches should focus on improving the attractiveness of female CM to lures.
A lure comprising pear ester (ethyl(E,Z)-2,4-decadienoate; PE) and acetic acid (AA) has been shown to trap as many, or more, male and female CM than the widely adopted DA lure comprising PE and codlemone (Thwaite et al. 2004 , Knight 2010 . Landolt et al. (2014) reported that the addition of n-butyl sulfide (NBS), to PE and AA synergistically trapped more CM than each chemical alone or when individual chemicals were paired. This three-chemical lure has a significant potential for use in an attract-and-kill approach to codling moth management. Initial trials attempting to optimize the lure discovered that when all three kairomones were combined into a single controlled-release device, the release rate of the pear ester (PE) was <5% of the release rate of PE from a septum. The decrease in PE release rate corresponded with a significant decline in the number of male and female CM trapped in those initial field studies (unpublished data), emphasizing the need to better understand the relationship between PE release rate and the attractiveness of CM to the lure. While previous studies have utilized PE lures in loads ranging from 0.01 to 600 mg, the most common controlled-release of PE is from rubber septa loaded with either 1 or 3 mg (Thwaite et al. 2004 , Mitchell 2008 , Knight 2010 , Knight et al. 2011 , Knight and Light 2014 , Landolt et al. 2014 . The release rate of chemicals from septa is subject to first-order release kinetics and is proportional to the amount of the chemical loaded into the septa. As a result, it is difficult to compare the relative efficacy of lures between studies that use different chemicals and variable PE load amounts in septa, especially since the volatization rate of PE has not been calculated from septa.
Sachet-based controlled-release dispensers may be an improved method of controlled PE release compared with septa. 'Sachet' refers to a small bag composed of materials that are, at least in part, permeable to a specific chemical. The release rate of chemicals placed in sachets is independent of the amount loaded in the dispenser, and is directly related to the surface area of the permeable material (Heuskin et al. 2011) . This design allows the release rate of chemicals to be customized by adjustments to the permeability and surface area of the materials used to construct the sachet. Independent of the actual use of the lure, an important aspect of implementing any management regime is the reduction in cost associated with materials and deployment (Wearing 1988) . Sachets have the additional benefit of requiring less expensive material than other controlledrelease devices. The AA, NBS, and PE lure first described in Landolt et al. (2014) utilized a vial and septum system. While these materials were effective in attracting CM, minimizing cost would improve the likelihood of this lure becoming widely adopted. Thus, developing and field testing a sachet controlled-release system for AA, NBS, and PE serves three major purposes: assessing the relative release rates of the chemicals involved, improving our ability to interpret studies reporting different loads of PE, and minimizing the material costs necessary to deploy the lures.
We report here the results of laboratory experiments to quantify the release rates of a three-chemical lure comprising AA, NBS, and PE; as well as field experiments for a sachet dispenser alternative to the vial and septa system. Four field experiments evaluated CM attraction to the sachets versus the vials and septum system, and also sought to minimize the material costs necessary to reliably dispense these chemicals. Field Experiment 1 tested whether the combination of AA and NBS into one vial or sachet affected CM trap catches. Field Experiments 2a and 2b tested if changing the hole size of the PE sachet, as a method to alter the PE release rates, affected CM trap catches. Field Experiment 3 tested whether there was any difference between replacing a septum and vial system with a sachet-based dispenser system.
Materials and Methods
Pear Ester (Ethyl(E,Z)-2,4-decadienoate)
The PE sachet was constructed from a 9.7 cm 2 section of impermeable polymer film (Bryce Co., Memphis, TN; Supp Fig. 1 [online only]). A 3.97 mm hole punch (Ridgerock Tools Inc., Gardena, CA) was then used. A 250 µm low-density polyethylene (Poly-America, Grand Prairie, TX) 4.5 cm 2 patch was heat sealed over the hole and the sachet was folded in half, with the polyethylene patch facing inwards, and heat sealed along two sides (Supp Fig. 1 [online only]).
A 9.5 × 2 mm cotton wick was placed underneath the punched-out hole and loaded with a 30 µl solution comprising 4.21 g natural, ≥95% PE (Sigma-Aldrich, St. Louis, MO), 10 g butylated hydroxytoluene (BHT; Sigma-Aldrich) in 30 µl pentane (Sigma-Aldrich). Each sachet rested for 60 s before the last side was heat sealed shut. Each sachet was placed inside a fume hood for 24 h before use in experiments.
The gray halobutyl rubber PE septa (West Co., Lyonville, PA) were extracted for 24 h in a dichloromethane bath (West Co.). After drying, each septum was loaded with 1 mg of PE, 10 mg BHT, and 200 µl of dichloromethane (West Co.) and placed inside a fume hood for 24 h before use in experiments.
Acetic Acid
The AA vials were loaded by pipetting 4 ml of glacial acetic acid onto cotton balls in an 8-ml polypropylene vial (Nalg-Nunc International). Each vial was then sealed with a lid containing a 3 mm hole and placed inside a fume hood for 24 h before use in experiments.
The AA sachet was constructed from a 38 cm 2 section of impermeable polymer film (Bryce Co.; Supp Fig. 1 [online only]). A 3.14 mm diameter hole punch was then used to make a single hole in the top third of the film. The sachet was folded in half, width wise, and heat sealed along the open side and the bottom. A 9.5 × 50.8 mm cotton wick was placed inside the sachet and then loaded with 4 ml of glacial acetic acid (Sigma-Aldrich). The top of the sachet was heat sealed shut and placed inside a fume hood for 24 h before use in experiments.
n-Butyl Sulfide
The NBS vials were loaded by pipetting 2 ml of n-butyl sulfide (Nalg-Nunc International) onto cotton balls in a 4-ml polypropylene vial (Nalg-Nunc International). Each vial was then sealed with a lid containing a 1.5 mm hole and placed inside a fume hood for 24 h before use in experiments.
The NBS sachet was constructed from a 29 cm 2 section of impermeable polymer film (Bryce Co.; Supp Fig. 1 [online only]). The smallest attachment available for the hole punch, a 2.38 mm diameter punch, was then used to make a single hole in the top third of the film. The sachet was folded in half along the width and heat sealed along the open side and the bottom. A 9.5 × 38.1 mm cotton wick was placed inside the sachet and then loaded with 2 ml of n-butyl sulfide (Acros Chemical Co., Geel, Belgium). The top side of the sachet was heat sealed and placed inside a fume hood for 24 h before use in experiments.
Acetic Acid and n-Butyl Sulfide Combination
The AA and NBS combination vials were loaded with 6 ml of a 2:1 glacial acetic acid: n-butyl sulfide solution onto cotton balls in an 8-ml polypropylene vial. Each vial was then sealed with a lid containing a 3 mm diameter hole and placed inside a fume hood for 24 h before use in experiments.
The AA and NBS combination sachet was constructed from a 48.4 cm 2 section of an impermeable polymer film (Bryce Co.; Supp Fig. 1 [online only]). A 3.14 mm hole punch (Ridgerock Tools Inc., Gardena, CA) was used to make a single hole. The sachet was folded in half, loaded with two 9.5 × 38.1 mm cotton wicks and heat sealed along three sides. The sachet was then loaded with 6 ml of a 2:1 glacial acetic acid: n-butyl sulfide (Sigma-Aldrich), heat sealed along the final side, and placed inside a fume hood for 24 h before use in experiments.
AA and NBS Gravimetric Weight Loss Results
Gravimetric weight loss (mg/h) was estimated for AA sachets (n = 5), NBS sachets (n = 5), AA vials (n = 5), and NBS vials (n = 5) by weighing each dispenser every 2 d for 14 d in a climate-controlled experimental room (22ºC; RH: 25-35%) and then dividing by the number of hours between measurements.
PE Release Rates
The release rates for PE from the sachets and septa were calculated using a volatile collection system and GC-MS. Sachets (n = 5) were constructed and septa (n = 5) loaded as previously described, and then placed in a fume hood for 24 h prior to testing. One sachet or septum was placed in a 1800 cm 3 sterilized glass volatile collection chamber (Analytical Research Systems Inc., Gainesville, FL). Total volatiles were collected consecutively for 16-24 h in a climatecontrolled experimental room (22ºC; RH: 25-35%) using a cleanair system that pulled 500 µl/min of carbon filtered air through a borosilicate volatile collection trap (VCT, 1.5 mm I.D.) packed with 20 mg of a crystalline polymer adsorbent material (HayeSep-Q). The trapped volatiles were then eluded in 950 µl of dichloromethane with 50 μl of an internal standard (0.10 ng/μl ethyl hexanoate; Sigma-Aldrich) added after eluting. Samples were injected in 1 μl aliquots into an Agilent model 6890 gas chromatograph fitted with a flame ionization detector (column: Agilent DB-1MS, 0.25 mm internal diameter, 0.25 μm film thickness). The column was held at 40°C for 6 min then increased by 7°C per min to 150°C and further increased by 20°C per min to a maximum temperature of 260°C. PE standards of known concentrations (0.1, 1.0, 10.0, 100.0 ng/µl) were analyzed daily to establish a calibration curve to accurately calculate PE release rates. Volatile collections for sachets and a septum loaded with PE were collected every 3 d for 15 d.
Field Experiment
Four experiments compared CM attraction to the sachet dispenser system versus vials and septum system. All experiments lasted 4 wk and were conducted across four commercial apple orchards within Yakima County from April to July 2016. Two orchards were used for Field Experiments 1 and 3, and two for Experiments 2a and 2b. Each orchard was at least 1,500 m apart from another, and the experimental areas within each orchard were at least 500 m apart. White delta traps (Scenturion, Inc., Clinton, WA) were lined with replaceable sticky inserts (Alpha Scents, Inc., West Linn, OR). The sachets and vials were placed directly onto the middle of the inserts and the septa were pinned to a 1 cm 2 piece of cardboard before being placed on the liner. For the field experiment experiments, each block consisted of one replicate of each treatment. Blocks spanned seven non-consecutive rows, with traps placed in every other row, at least 12 m apart. Blocks were organized in this manner to minimize potential influence of relative position to access roads and orchard edges. Within each row, blocks were at least 12 m apart. Treatment positions were initially randomized within the experimental blocks and re-randomized each week when insects were counted. Traps were placed at least 10 m in from any edge and within the upper one-third canopy of an apple tree. Traps were checked twice per week, insects counted every week, and the liners and treatments were replaced after 2 wk.
Field Experiment 1: Sachet Replacement of AA and NBS Vials
Field Experiment 1 compared the attractiveness (as the total number of male and female moths trapped) of AA and NBS sachets to AA and NBS vials, and if AA and NBS could be combined into one dispenser system without decreasing the number of moths caught. The four treatments were: (i) AA Sachet, NBS Sachet, PE Septum; (ii) AA and NBS Sachet, PE Septum; (iii) AA Vial, NBS Vial, PE Septum, and (iv) AA and NBS Vial PE Septum. Ten experimental replicate blocks were set out on 20 April 2016 and another 10 experimental replicate blocks were added on19 May 2016 across two separate commercial orchards near Toppenish and Union Gap, WA.
Field Experiment 2ab: Variable PE Hole Size in a Sachet
Field Experiment 2a compared the trap catches associated with the relative release rates of three different PE sachet permeable areas. The four treatments were: (i) AA vial, NBS vial, 2.38 mm ('small') PE hole size; (ii) AA vial, NBS vial, 3.97 mm ('medium') PE hole size; (iii) AA vial, NBS vial, 5.55 mm ('large') PE hole size, and (iv) AA vial, NBS vial, PE septum. Twenty experimental replicate blocks were set out on 20 April 2016 across two commercial orchards near Toppenish and Union Gap, WA.
Field Experiment 2b compared the trap catches of the medium, large, and septum PE controlled-release systems with a larger PE hole size (7.14 mm, 'x-large'). Ten experimental replicate blocks were set out on 15 June 2016 in the same commercial orchard near Union Gap, WA used in Experiment 2a.
Field Experiment 3: Replacing the Septum and Vial System with a Sachet
Field Experiment 3 compared the attractiveness (as the total number of male and female moths trapped) of AA, NBS, and PE sachets to AA, NBS vials, and PE septum, and if AA and NBS could be combined into one controlled-release system without decreasing the number of moths caught. The four treatments were: (ii) AA sachet, NBS sachet, 3.94 mm hole PE sachet; (ii) AA and NBS sachet, 3.94 mm hole PE sachet; (iii) AA vial, NBS vial, PE septum, and (iv) AA NBS vial, PE septum. Twenty replicate experimental blocks were set out on 20 April 2016 across two commercial orchards near Toppenish and Union Gap, WA.
Statistical Analysis
ANOVAs were used to analyze means of AA and NBS gravimetric weight loss and PE release rates. A model to examine the weight loss or release rate for each chemical over time was created for each dispenser system. The model included dispenser system (vial or sachet), day from initial loading, and any interaction between dispenser system and day from loading. Total, male and female trap catches were log(x+1) transformed for analysis to meet assumptions of normality. Significant differences between treatment means were determined using Tukey's test. Statistical analyses were performed using JMP version 12.01 for Windows (SAS Institute 2015).
Results

Release Rates and Gravimetric Weight Loss
AA and NBS Gravimetric Weight Loss
The model that considered estimated AA weight loss as a function of dispenser type (sachet or vial), day from initial loading (1-15), and their interaction (dispenser*day) was significant (F = 9.81; df = 3, 76; P < 0.0001). The AA weight loss from a sachet (4.33 mg/h ± 0.41) was significantly higher than from a vial (3.11 mg/h ± 0.22) (t (dispenser) = 4.43; P < 0.0001). There was a significant effect of day on estimated AA weight loss (F (day) = 2.81; P < 0.01), but there was no significant difference in AA weight loss over time between the dispenser systems (F (dispenser*day) = 1.38; P = 0.17; Fig. 1 ).
The model that considered estimated NBS gravimetric weight loss as a function of dispenser system (sachet or vial), day from initial loading (1-15), and their interaction (dispenser*day) was significant (F = 101.6; df = 3, 76; P < 0.0001). Average NBS weight loss from a sachet (0.75 mg/h ± 0.07) was significantly higher than from a vial (0.60 mg/h ± 0.02) (t (dispenser) = 7.08; P < 0.0001). There was a significant effect of day from loading on NBS weight loss (F (day) = 11.65; P < 0.0001). There was also significant interaction effect of the dispenser system on NBS weight loss over time (F (dispenser*day) = 10.91; P < 0.0001) (Fig. 2) .
PE Release Rates
The model that considered PE release rate as a function of dispenser system (sachet or septum), day from initial loading (1-16 d), and their interaction (dispenser*day) was significant (F = 12.64; df = 3, 56; P < 0.0001). Average release rate for PE from a sachet (4.29 µg/h ± 0.39) was significantly higher than from a septum (1.54 µg/h ± 0.28) (t (dispenser) = 5.86; P < 0.0001). The release rate did not change over time (F (day) = 1.14; P = 0.26), nor was there a significant difference in release rate over time between dispenser systems (F (dispenser*day) = 1.49; P = 0.14; Fig. 2 ).
Field Experiment 1: Sachet Replacement of AA and NBS Vials
Type of controlled-release dispenser, sachets or vials and septum, did not significantly affect the number of moths captured (Table 1) . Combining AA and NBS into one controlled-release device also did not significantly affect capture rate (total: F = 0.76; df = 3, 57; P = 0.52; females: F = 0.27; df = 3, 57; P = 0.85; males: F = 1.60; df = 3, 57; P = 0.20; Table 1 ).
Field Experiment 2ab: Variable PE Hole Size in a Sachet
Field experiment 2a
The numbers of male and female CM captured in traps baited with different sized PE holes (small, medium, large, septum) were significantly different from each other (total: F = 2.78; df = 3, 57; P < 0.01; females: F = 1.75; df = 3, 57; P = 0.17; males: F = 2.81; df = 3, 57; P < 0.01; Table 1 ). Specifically, the number of male moths captured by small PE sachet was significantly less than the number of male moths captured by the medium PE sachet (Table 1) .
Field experiment 2b
Although numerically different, the numbers of male and female CM captured in traps baited with different sized PE holes were not significantly different (total: F = 2.78; df = 3, 57; P < 0.01; females: F = 1.75; df = 3, 57; P = 0.17; males: F = 2.81; df = 3, 57; P < 0.01; Table 1) Field Experiment 3: Replacing the Septum and Vial System with a Sachet
The numbers of male and female CM captured in traps baited with different controlled dispenser systems and AA and NBS combinations were not significantly different (total: F = 1.42; df = 3, 57; P = 0.25; females: F = 1.60; df =3, 57; P = 0.20; males: F = 0.81; df = 3, 57; P = 0.50; Table 1 ).
Discussion
The sachet based controlled-release dispenser of AA, NBS, and PE can replace the vials and septum-based system without decreasing CM trap catch (Table 1) . Furthermore, AA and NBS can be combined into one controlled-release device without negatively affecting CM trap catch (Table 1 ) and the materials used to construct the sachet system cost<1.5% of the materials used to construct the vial and septa system ( Table 2) .
The average release rates and gravimetric weight losses from the sachets were higher, and generally more variable than from the vials and septa (Figs. 1 and 2) . AA weight loss from a sachet significantly decreased over time; however, the average weight loss on the 15th day after loading were comparable between dispenser systems (Sachet: 3.21 ± 0.53 mg/h; Vial: 2.53 ± 0.13 mg/h). Weight loss from the NBS vial significantly increased over time; however, the average weight loss on the 15th day after loading was comparable between Fig. 1. Acetic acid (AA) and n-butyl sulfide (NBS) gravimetric weight loss (mg/h ± SE) from sachets and vials used as the as controlled-release dispensers in the field experiment studies. Estimated weight loss was calculated by the weight difference in controlled-release dispensers divided by time between measurements.
dispenser systems (Sachet: 0.61 ± 0.06 mg/h; Vial: 1.00 ± 0.04 mg/h). In general, the change in weight loss and release rates over time for each chemical were consistent across dispenser types, and most importantly, we found no difference in CM trap catches between the two dispenser systems.
CM appear to be sensitive to PE release rates. While the x-large PE hole sachets tended to catch the most CM, we found no significant differences in the trap catches between the medium, large, and x-large PE sachet holes (Table 1) . However, the small PE sachet hole size caught significantly fewer CM than the medium PE sachet hole size (Table 1) . Even though we did not quantify PE release rates from the small, large, and x-large hole sachets, the variations in trap catches suggest that there is an optimal PE release rate range. Our results are consistent with previous reports showing a numerical, but not significant, increase in CM trap catches associated with an increased PE loads in a septum (Mitchell et al. 2008) . However, CM are very sensitive to PE (Light et al. 2001) , so we are hesitant to infer that the numerical increase in trap catches associated with increased PE hole size are related to increased attractiveness and not a result of a larger odor plume attracting moths from farther away. Since it is impossible to develop a meaningful CM dose-response curve to PE without quantifying a range of release rates and testing attractiveness in the field, more work needs to better understand the detection limits of PE in the field The release rates we calculated in lab are likely very different than the release rates that CM are exposed to in the field. Lures in nature are subject to abiotic variations (e.g., temperature, humidity, wind) that would cause fluctuations in the release rates within a day and from day to day. It is difficult to determine release rates under field conditions, but dispensers that are subject to first-order kinetics, such as septa, are susceptible to large fluctuations in release rates in natural conditions (Trimble et al. 1999 ). Manipulating release rates in the laboratory, by altering PE hole size, corresponded to differences in CM trap catch; which suggests that the quantification of differences in the laboratory translates to differences in the field. The medium, and two larger PE sachets trapped numerically, but not statistically, more CM than the septa (Table 1 ). This study serves as the foundation to demonstrate that CM are sensitive to the relative release rates of PE, and emphasizes the need to better understand how CM respond to these rates. Since PE release rates can be more easily quantified and manipulated, and are presumably less susceptible to abiotic conditions, we suggest that sachet-based controlledrelease devices be used to develop a dose response curve of PE release rates in the field. In order to maximize the impact of PE-based lures in pest management, it is critical to quantify the release rates of PE, and how they change over time.
Decreasing the costs associated with mass trapping would help facilitate its inclusion into IPM programs (Moraal et al. 1993; El-Sayed et al. 2006 Yasin et al. 2014) . We estimated the materials used in the sachet-based dispensers to be <1.5% of the costs associated with the vial and septa system used in this study ( Table 2 ). The sachet system, including chemicals, was $0.71, which is competitively priced compared with commercially available codlemone lures ($1.20-4.00). The price to produce these lures would further decrease as material is purchased in bulk and the loading process is automated. Switching to sachet-based dispensers would promote the economic feasibility of management programs that require high numbers of lures, such as mass-trapping. Preliminary data suggests that using releasing AA, NBS, and PE from the vial and septa-controlled release devices at ca 50 traps per acre can significantly reduce apple damage in four-acre plots (unpublished data). Switching to a sachet-based system, and understanding the dose-response of CM to various release rates of PE, would improve the economic feasibility of using a kairomonal based mass-trapping approach to help mitigate CM damage. Prices were rounded up to the nearest dollar and reflect actual amount paid (minus shipping) from GSA Advantage! -GSA.gov or independent contractors, whichever was least expensive. a Estimated cost based on similar products available for sale.
